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Abstract

Ordinary liquid rocket combustion processes are never truly steady processes.
They are usually observed as low intensity, random combustion-chamber pressure
variations. However, a clearly distinguishable, aperiodic form of nonsteadiness
is also frequently observed. This form of nonsteadiness is characterized by
discrete, large amplitude waves propagated th-oughout the combustion volume
and is classified as popping. Popping and rcsonant combustion, as exhibited
by annular and cylindrical versions of an 18-in.-diam engine, are found to occur
for a particular range of propellant temperature and mixture ratio conditions
used in a boundary (near wall) injection system.

The correlation of these conditions of temperature and mixture ratio is based on
the argument that the impingement of two streams of equal dynamic pressure is
inherently unsteady, and that small variations to either side of unity dynamic-
pressure ratio can produce relatively large changes in the mixture and direction of
the efflux from the impingement region. Pops are extremely effective in precipita-
ting sustained combustion resonance unless the combustor is stabilized by control
devices such as baffles. Reactive streams (hypergolic systems) and nonreactive
streams (like-on-like systems) are discussed, as well as a proposed mechanism for
producing initial combustion disturbances.
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Experimental Observations Relating the Inception of Liquid

Rocket Engine Popping and Resonant Combustion to

the Stagnation Dynamics of Injection Impingement

I. Introduction

Liquid rocket combustion processes are never truly
steady, and combustion noise is always generated, even
in smoothly operating engines. Ordinary combustion
noise, typically observed as low-intensity combustion-
chamber pressure variations, is random in character; that
is, a typical power spectral analysis conducted on a high-
response chamber pressure measurement would reveal no
predominant frequency of significant amplitude. Under
these conditions, the time-average of the nonsteadiness
can be considered to be equivalent to a steady condition
for practical purposes (in much the same manner as is
turbulent flow in a pipe).

Frequently, however, a form of nonsteadiness clearly
distinguishable from ordinary noise is observed. It, too,
is aperiodic, but is characterized by randomly occurring,
large-amplitude, discrete pressure disturbances propa-
gated as waves throughout the combustion volume. The
occurrence of this phenomenon, as detected by high-
response pressure measurements at the chamber bound-
aries, has been classified as popping. This phenomenon
is most prominent with hypergolic propellants in com-
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bustion chambers of relatively large size (greater than
several inches in diameter), which operate at moderate
combustion pressures of a few hundred psi.

Operational engines in which popping has been identi-
fied or suspected during development include the Titan/
Gemini launch engines, the Apollo service propulsion
engine, and the Transtage engine (Refs. 1 and 2).

Pops are most often identified as disturbances that
occur during otherwise steady operation; however, sharp
disturbances that occur during starting transients are also
often observed for both sea-level and vacuum starts. It
is not clear whether the start-transient spikes are always
initiated through the same mechanism that initiates the
pops, but the result is generally the same—production
of aperiodic, high-amplitude, steep-fronted traveling
waves. Both of these spontaneously generated distur-
bances resemble the disturbance created initially by some
engine-pulsing devices, such as those used in stability
rating techniques. Indeed, the notion of bombing evi-
dently arose as a consequence of the desire to test a
given engire for its susceptibility to transition to resonant



(sustained periodic) combustion when exposed to such
nonlinear waves. In any event, the potential of the spon-
taneously generated waves for precipitating combustion
resonance is readily acknowledged, and an interest in
understanding the origin and controlling proces: s of
these waves is well justified.

Various sources of pops have been proposed, and have
been demonstrated for individual situations. Reference 2
outlines a mechanism involving the hydraulic flip phe-
nomena associated with sharp-entry, short-tube-orifice
configurations. In this type of configuration, a sadden
change in the orifice flow properties perturbs the com-
bustion processes as the flow either attaches or separates
from the orifice bore near its exit. Reference 3 snggests
propellant leaks from a defective injector as a source.
More recently, evidence of impingement-related popping
sources was observed in experiments on hypergolic
stream-impingement phenomena (Refs. 4 and 5). Photo-
graphs in Refs. 4 and 5 showed the occurrence of inter-
mittent violent disruptions of the impingement region
under certain conditions. Although differing in detail, all
of these candidate sources have in common the situation
wherein a pulse of energy release has occurred locally.

It is not enough, however, that a small initial dis-
turbance has occurred. Estimates (Ref. 6) based on
spherical blast-wave theory indicate that a local energy
release of the order of the total energy available in the
chamber would be required if observed pops were al-
ways simply blast waves. In addition, as described below,
observations indicate that wave strength is maintained (or
sometimes increased) as the wave traverses the chamber
—a characteristic that is the converse of the usual
rapid decay of a blast wave with travel distance. There-
fore, a more complete explanation of the pop disturbance
involves combustion enhancement of initially small dis-
turbances. Reference 6 presents an analysis of this en-
hancement with the use of a model introduced by
Zel'dovich, Kogorko, and Simonov for the initiation of
spherical detonation waves by blast waves. A principal
conclusion drawn from the analysis is that spherical
detonations might be initiated under reasonable rocket-
combustion conditions with an initial energy release as
small as 0.1% of the total chemical energy in the chamber.
Furthermore, evidence that the liquid-rocket-combustion
environment might support two-phase detonation pro-
cesses is reported in Ref. 7.

Classical detonative phenomena duri:.g rocket combus-
tion have rarely been verified experimentolly (a task that

is exceedingly difficult because the phenomena are super-
imposed on the steady combustion pricesses). However,
considerable evidence exists that: (1) combustion en-
hancement of a relatively small initial disturbance can
occur within the initial wave transit of reasonably large
chambers, and (2) a high-amplitude wave would be
manifested as a pop as i. traverses or is reflected from
the combustor boundaries.

During resonant-combustion experiments on several
large research engines at JPL, two of the engines were
observed to exhibit popping with exceptional persis-
tence. Early attempts to isolate the cause of this rough
combustion were not entirely successful, although certain
operating variables were found to influence its occur-
rence (Refs. 8-10). Because it was believed that the more
trivial sources of popping (i.e., anomalies such as leaky
injectors and unstable streams) were absent in these
engines, it was eventually suspected that the popping
was related to impingement processes. Such processes
have recently been studied in connection with so-called
stream-separation phenomena (sce Ref. 4 and Refs.
11-138), and have been shown to involve temperature
and flow variables similar to those apparent in the
preseni popping observations. When it was also con-
sidered that certain details of the fluid flow field resulting
from the impingement of two free streams are dependent
upon the relative dynamic pressures of the two streams,
a correlation was obtained relating the occurrence of
popping to the propellant temperature and dynamic
pressure ratio of the boundary-injection scheme (Ref. 14).

This report presents the above correlation along with
a more complete documentatior of the supporting data
from the aforementioned JPL experiments, together with
additional recent results. Data are also presented that
show details of the transient properties of the picssore
wave associated with typical pop disturbaaces.

All of the results are from full-scale engine fi.. .z.;
therefore, from a fundamental standpoint, the experi-
ments were of a relatively gross nature. Most of the data
were obtained as a by-product of firings conducted with
objectives other than the study of popping; hence, it is
not purported that these results represent an exhaustive
study of the subject. Rather. it is felt that the usefulness
of this report is to document significant observations ob-
tained on research engines reasonably representative of
operational engines that also exhibit popping and reso-
nance phenomena. These observations provide insight
into injection-related aspects of the incepiion of non-
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steady combustion, and the spontaneous transition from
steady to resonant combustion, and should stimulate
additional research on the fundamentals of stream-
impingement processes. The results also provide a first-
cut design criterion to improve the stability of liquid
rocket engines.

il. Engine and Experimental Techniques
A. Engine

The 18-in.-diam engine used in these experiments is
shcwn schematically in Fig. 1. Figure 2 shows the engine
installed in the test stand in preparation for firing. Per-
ti.ont design conditions are listed in Table 1.

1. Cylindrical configuration. This assembly comprises
an uncooled, heavy-walled combustion chamber/nozzle

and an injector (designated RC-1). The injector is de-
signed for N.0,-50/50(N.H.,/UDMH) to produce a
nominally uniform axial mass-flux of 0.31 lbm/s-in.%;
however, the total flow rate is divided (see Table 1)
between main and boundary-injection systems. These
two flows are separately manifolded and individually
controlled by means of two feed systems on the test
stand.

The unlike-doublet injector elements are arranged in
seven concentric rows (see Fig. 1), and the mass-flux
uniformity is achieved by having the flow from each
concentric row of elements feed proportionately sized
annular areas of the chamber cross section. For example,
at design conditions, the boundary elements furnish
10% of the total flow to 10% of the chamber area. The
geometry for both sets of elements (main and boundary)
is shown in Fig. 1. This geometry satisfies the mixing-
uniformity criterion (Ref. 15) at the design mixture ratios.

Table 1. Design conditions for 18-in.-diam cylindrical and annular engines using N,O,~50/50(N.H,/UDMH)

Cylindrical configu-ation Annular configuration
Parameter Boundory Main Overall Boundary Main Overall
Fuel Oxidizer Funl Cxidizer Fuei Oxidizer Fuel Oxidizor Fuel Oxidizer Fuel Cxidizer
flow rate, lbm/s 3.48 4,44 22.98 48.48 24.46 52.92 3.48 4.44 13.12 27.70 16.60 32.14
Injector Ap, psi 108 96 129 120 — - 108 96 129 120 - —_
{manifold to chumber)
Injection velocity 92 68 86 58 —_— — 92 68 86 58 —_— -—_
v, ftfs
Element dynamic 1.00 1.42 — 1.00 1.42 —_—
pressure rotio,
Pdl/Pdo; ,
(-Pj V]/ Poz Voz)
Mixture raotio, 1.27 21 2.00 1.27 2.1% 1.93
mos/ my
Fraction of total flow 0.108 0.90 1.00 0.1632 0.837 1.00
Number of injector 24 84 108 24 48 72
elements
Charaucteristic 413 38.6
length, in,
Throot areo, in2 . 12727 79.3
Engine contraction ratio 2.0 2.0
Nozzle expansion ratio 1.290r 2.95 1.46
Thrust, Ibf 14,500 or 14,700 9100
Chamber pressure, psio 100 100
Chamber mass flux, 0.31 0.31
om/int-s
SDefined as Z.
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SOUNDARY PROPELLANT VALVE

MAIN PROPELLANT VALVE

.
b

Fig. 2. Cylindrical engine mounted on test stand in preparation for firing

ratios are not cqual. The lower value for the boundary
(1.27) s intended to provide refatively lov temperature
reaction products adjacent to the chamber wall; however,
the specific value of 1.27 was chosen so that equal-
diameter bosmdany orifices could be used. As described
in Ref. 8. this value, together with the separate feed
sistems, allowed alternate distributions of the injected

propellants. The primary alternates that are referred to

heretn are:

(1) Bipropellant boundary flow, either oxidizer near-
wall idesign orientation) or fuel near-wall,

(2) Single-propellant boundary flow, cither oxidizer or
fuel like impingement).

3/ Main flow only (boundary flow deleted).

(4} Boundary flow only (main flow deletedi.

Figure 3a depicts the composite axial mass-distribution
for the complete imjector based on nonreactive spray
data /sce Ref. 15). Figures 3b and 3¢ depict the changes
to the composite distribution for boundary-only and
main-only fows, respectively. :

are fabricated from long. smooth-bore tubes (100 and
30 L/D. respectivelv). The turbulent flow and friction
losses associated with these long orifices minimize mal-
distribution from the manifolds aud attenuate coupling




- %”‘h’m

e= 2 10

Fig. 3. Various axial mass-distributions used with the RC-1 iniétmr 1B-in.~-diam cylindrical and annular
engines; N.O,~50/50 fuel; nominal design flow cenditions noted (all views looking upstream)
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effects from nonsteady combustion-chamber pre..ure.
Equally important is the fact that these orifices promote
the control of the symmetry and reproducibility of the
injected streams. Finally, the streams from these long
orifices are free from any ordinary hydraulic flip effe ts;
such effects are normally encountered onlv for short,
sharp-edged orifices (L/D < 10).

When the cvlindri ul engine is baffled, the installation
(Fig. 4) consists of un array of four blades of nearly
radial orientation that are welded to the ‘njector face
and to a cylindrical centerpiece (the mifice « angement
is not altered). The blades are fabricated of aluminum
sheet stock * in. thick, and are carewlly fitted so that
o significant end gap {a few thousandths of an inch)
exists at the outer chamber wall. The dewnstream edge
of the paffl> extends 2.9 in. beyond the injector face.

The steady-state performance of this engine is re-
perted in Ref. 9. For design conditions, the engine vields
a relative combustion performance of 97% (based on the
ratio of measured ¢* to theoretica! equilibrium ¢*). When
the combustion is smooth and free of pops, the rms value
of combustion noise is about 1 psi. (Reference 16 con-
teins a discussion of this measurement.)

2. Annular configuration. The annular version of this
engine is formed by inserting an 11.2-in.-diam center-
body into the cylindrical chamber and deleting the inner
four rows of the original main injection elements, as
shown in Figs. 1 and 3d. In this manner, an annular
cavity with a width of 3.4 in. is formed. The cylindrical
centerbody is bolted to the injector face, and extends
along the engine axis to the nozzle. At the station of the
nozzle entrance, tie centerbody surface is contoured to

“y

Fig. 4. Baffle installation, RC-1 injector

JPL TECHNICAL REPORT 32-1479%




form the inner wall of the annular nozzle. The throat is
maintained at its location for the evlindrical engine, and
the nominal throat area is chosen to retain the cyvlindrical
engine contraction ratio of 20:1. Figures 53 and 6 are
views of the centerbody installation and the complete
annular engine, respectively.

Deletion of How from the four bimer rows of main
clements results in the annular ngection  distribution
depicted 'n Fiv 3d. and (by virtue of the 11.2-in-diam
centerbody and the uniform mass-flux distribution of the
RC-1 injector, the average mass flux 7 for the amulay
distribution is identical with the nominal flux for the full
injector. Thus, o« malar injector, designated RC-1 AN,
presumably retains the same spatial distribution of the

combustion processes {(except for any effects caased by
the presence of the inmer wall),

Removable badlles wre incorporated on the annular
engine as shown in Fie 30 and form an array of four
L-in.-thick blades, cach bolted to (he centerbody with o
radiul orientation and fitted to the mating centerbody
and injector face surfaces. A laver of silastic rubber as-
sures a seal at these interfaces. The outer ends of the
aluminun blades are fitted as deseribed for the ovlin-
drical engine. The peripheral spacing is based on that
used for the full engine, but the length of the blades is
made variable by means of bolt-on extensions (not shown
in Fig. 3. The length required to stabilize the annular
engine was 2 in. greater than that for the cviindrical

Fig. 5. Centerbody installation, annular engine

JPL TECHNICAL REPORT 32-1479




Fig. 6. Annular engine mounted on test stand
in preparoation for firing

version (see Ref. 10). Reference herein to inadequate
baffles for the annular engine implies either that no baffles
were used or that the bafles were less than 4.9 in. long.

At its design How conditions, the annular engine vields
a 93% relative combustion performance—a nominal re-
duction of 4% compared to the cvlindrical engine. The
lower performance is attributed to reduced secondary
mixing of the main propellants because of the presence
of the inner chamber wall (sce Ref. 10). With the full
injector, the arrangement of the main elements promotes
a high degree of secondary mixing bebtween adjacent
rows of elements. For the annular engine. however, this
source of mixing is curtailed for the innermost row of fuel
streams because there is now an adjacent wall rather than
- djacent oxidizer streams. This wall relationship can be
seen in Fig. 3d. The inner row of clements furnishes
309 of the total main flow of propellants for the anmular
engine; therefore, degradation of propellant mixing in
this region produces relatively large overall combustion
performance losses. An improvement in performance of
1 to 2% was observed whenever pops increased the gen-
cral turbulence level, Ordinary noise levels (when pops
were absent) were 2 to 3 psi rms, or about double those
of the evlindrical engine.
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B. Propellant Feed Control

Propellants were supplied to the two portions of the
injector from separate N, gas-pressurized run tanks
through individual boundary and main propellant valves
{see Fig. 2).

1. Flow. The significant features of the main valve
and the start transient flow control {sce Refs. 1€ and 17)
consist of controlling the starting flow by controlling the
opening rate of the valve to approximate a monotonically
increasing flow rate during the manifold fill and initial
injection times with no flow overshoot. The fuel and
oxidizer valve opening is sequenced to provide nominally
simultancous initial injection of the two propellants.

The atorementioned procedures produce a monotonic
combustion-pressure transient except for occasional pres-
sure spikes. which are usually the result of pressure-wave
generation in the combustion chamber caused by dis-
continuous initial injection and combustion as the mani-
fold ullage is purged by the incoming flow. The start
spiking appeared to be more severe with higher pro-
pellant temperatures. which suggests that two-phase
flow ~ffects from N.O, evaporation in the manifolds may
have aggravated the spiking.

A smaller scale propellant valve, based on the same
design as the main valve, is used to control the boundary
flow starting transient. The boundary flow is generally
commenced before the main flow so that it is near design
conditions for 100 to 200 ms before main flow ignition,

2. Temperature. Propellant temperature was not orig-
inally considered to be an important variable influencing
popping; therefore the main and boundary propellant
temperatures were generally allowed to follow the am-
bient conditions at (he test site.! Seasonal changes of
climate resulted 7 propellant temperatures ranging from
approximately 40 to 100°F.

For firings in which temperature-conditioned propel-
lants were used, the propellants were conditioned to the
desired temperature {(~40 to 100°F; before transfer to
the respective run tanks. Figure 7 shows one of the two
temperature-conditioning  units in position at the test
stand.

C. Instrumentation

Steadyv-state measurements of chamber pressure, How
rates, thrust, injector manifold pressure; and propellant

PL Edwar 's Test Stution, BEdwards Air Force Base, Calif,




Fig. 7. Oxidizer temperature-conditioning unit in position at test stand

tank pressure were made for each firing. Typical measure-
ment techniques used and the methods of performance
computation are described in Ref. 16. Propellant temp. r-
ature, flow rates, and high-response chamber pressure
measurements are of particular interest for the data to
be presented, and are discussed below.

1. Propellant temperature. All propellant tempera-
tures were measured with thermocouple probes protrud-
ing into the respective fluid volumes. Thermocouple
output signals were recorded digitally throughout each
firing at approximate 17-ms intervals.

For those firings without temperature conditioning,
the bulk propellant temperature in the tanks was mea-
sured, and was assumed to be equal to the injection
temperature. This assumption is believed to be valid to
within a few degrees because the initial injector hard-

10

ware and fluid temperatures were nearly equal to the
ambient air temperature for these short-duration tests.

For those runs with temperature conditioning, the
propellant temperatures used for correlating popping
data were measured at the respective manifolds® As
above, the manifold fluid temperature was recorded
throughout the firing, ‘

2. Flow rates. Main and boundary flows were mea-
sured individually with turbine flowmeters Jocated in the

“The tanks and feed lines were not elaborately insulated; therefore,
temperature gradients existed in the feed svstoms whenever the
transferred propellunt temperature differed greatly from the initin]
hardware temperature { nominally ambient air temperature ). How-
ever, these gradients were considerably diminished during the ap-
proximately 30 min required between transfer and firing.
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respective propellant feed lines. The output pulses from
each flowmeter were continuously accumulated by a
counter system, and the accumulated count was sampled
and digitally recorded at intervals of 17 ms. Flows were
calculated at each time interval (by computer) by the
use of apprupriate flowmeter calibration factors and
propellant physical properties tables. Rep-esentative flow
rates for each firing were taken as the average flow over
S to 10 time intervals during the steady portion of the
firing.

3. Chamber prcssure transients. High-response cham-
ber pressure measurements were made for all firings. At
least one water-cooled Photocon (model 352 or 307)
transducer channel (sometimes as many as four) was used
for each firing. Provisions for these transducers were
located on the face (one model 307) and on the outer
chamber wall (three model 352s). The wall-mounted
Photocons were soft-mounted to reduce mechanical vibra-
tion effects (Ref. 18). Provisions for an array of Kistler
model 603A transducers located on the face and wall were

13.4
e————10.68 —————»]

a—————8.02 —
le——5.36—»]

i [

IPWC
o

also available for many of the firings. Again, the wall-
mounted Kistler units were soft-mounted (see Ref. 18),
whereas the face-mounted units were hard-mounted. All
Kistler units were thermally protected by ablative tech-
niques (see Ref. 18); therefore, their use was restricted to
nominally 0.5-s firings. The locations of all of the high-
response transducer taps are shown in Fig. 8. The outer
chamber wall can be oriented circumferentially in incre-
ments of 3 deg relative to the injector reference mark, but
Fig. 8 shows the chamber positioned with the chamber
and injector reference marks coincident.

Data from all high-response transducers were recorded
on an analog tape recorder (CEC VR2600). The tape was
subsequently played back for data analvsis, generally
into an oscillograph using paper speeds as high as 16
in./s. Tape playback speed-reduction factors as high as
64, combined with the high-speed oscillograph, pernfitted
time resolutions as high as 100 us/in. of record. Shock-
tube response tests of these recording and playback
methods show an overall rise time capability of about

INJECTOR REFERENCE MARK
(CHAMBER SHOWN WITH
CHAMBER REFERENCE
MARK COINCIDENT WITH

INJECTOR REFERENCE MARK)

0.00 RADIUS \ Kw?

KW8 Kw9
I
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—f} . 45|e—
3,95 —4
LINEAR DIMENSIONS ARE IN INCHES

ANGULAR DIMENSION OF WALL TAPS
SHOWN RELATIVE TO CHAMBER
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T \ ) ;:.’zz,h_m /
356 1K

PWA 132 deg

REFERENCE MARK O PHOTOCON  PW WALL LOCATION
ANGULAR DIMENSION OF FACE TAPS PF FACE LOCATION
SHOWN RELATIVE TO INJECTOR + KiSTLER KW WALL LOCATION
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KF FACE LOCATION

Fig. 8. High-response pressure tap locations, 18-in.-diam cylindrical and annular engines
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Fig. 9. Typical chamber pressure profiles
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6 us with the Kistler transducer system and a usable
frequency response exceeding 80 kHz (see Ref. 18). With
the Photocon system, a maximum rise time of ~20 gs and
a frequency response of 8 to 10 kHz are realized.

Thus, the transient vroperties of waves present in the
combustion chamber could be studied in considerable
detail. Much less detail is required, however, merely to
detect the occurrence of popping; therefore, relatively few
of the highlv expanded (and very lengthy) records were
made. Instead, much ot the high-response data were
displayed with a more moderate time expansion of about
50 ms/in. of record. This permitted positive identification
of the presence of pops durii.g an entire firing.

D. Description of Typical Firing

The typical runs for which popping data were obiained
were short firings of 0.5- to 2-s duration, as dictated by
the uncooled engine hardware, instrumentation limita-
tions, or the major objective of the test. Examples of
firing profiles of smooth and rough runs are shown in
Fig. 9a and 9b, respectively, which illustrate Photocon
records of chamber pressure vs time. The mean chamber
pressure (and hence, flow rates) achieves what is essen-
tially a steady state within 200 ms of main-flow ignition
without significant overshoot, which is the result of the
flow control exercised by the relatively slow-opening
main propellant valve. Figure 9c¢ shows an analogous
profile for a spontaneously resonant firing (no baffles), in
which the transition to resonance takes place about 400
ms after main-flow ignition.

Ill. Results
A. Nature of Pop Disturbance

Portions of Photocon pressure record: obtained during
the rough combustion exhibited by the baffled cylin-
dric.l engine are shown in Fig. 10 (using the PF, PWA,
and PWB measurements of Fig. 8). The chamber orienta-
tion for this run places the wall measurements an addi-
tional 80 deg cw from the face measurement compared to
that shown in Fig. 8; therefore, the PF and PWB taps
are nearly in line, althougi: separated by 3.95 in. axially.
Figure 10a illustrates the aperiodic nature of the pops,
which frequently exceeded 100 psi above the mean
chamber pressure for the baffled chamber. Figure 10b
shows the damped behavior of the pressure oscillations
induced by pop C (using a somewhat expanded time
resolution); it can be seen that the oscillations were
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damped to ncarly the noise-level amplitude in about
6 ms. Pops B and A are shown in still greater detail in
Fig. 10c and 10d, respectively. The steep fronted char-
acteristic, which is typical of the pop disturbance, should
be noted. The indicated rise time of 15 us approximates
the maximum rise-time resolution of the Photocon system;
hence, the actual rate of change of pressure may exceed
that shown by these records.

Of additional interest is the fact that, for these three
simultaneously recorded pressure measurements, a con-
sistent direction of motion for the recurring pops could
not be deduced, indicating that they originated from
various locations. For instance, pop A arrived first at the
PWB transducer (see Fig. 10d), whereas pop B, occurring
at a later time, arrived first at the PWA position. Further-
more, the amplitude of (presumably) the same pop varied
considerably as it was sensed by each transducer. These
amplitude variations are apparent for pops A, B, and C,
but it is difficult to explain them because the spatial
origin of the pops and the interference effects of the
baffles are unknown.

1. Spatial origin. In an effort to determine the spatial
origin of the pops, nine unbaffled cylindrical engine
firings, which had been made with various arrays of
multiple Kistler trarsducers, were selected for analysis.
These runs had undergone spontaneous transitions to
resonance after a short period (generally 20 to 50 ms) of
smooth combustion.

The initial portion of the transition for one of the firings
is shown in Fig. 11, which illustrates the sudden (but
not simultaneous) appearance of a large-amplitude dis-
turbance at the nine Kistler transducers (KW1-KW9)
and one Photocon transducer (PWB). The chamber refer-
ence was oriented 281 deg cw from the injector reference;
for convenience, the resulting position of the wall mea-
surements (see Fig. 8) relative to the injector is shown
schematically in Fig. 12. Approximatelv three “cycles”
of a wave traveling back and forth across the chamber
diameter are shown following the pop in Fig. 11. After
about 16 cycles or ~11 ms (not shown), the transition to
sustained resonance was complete when a fully developed
spinning wave persisted for the remainder of the firing
(as shown for the typical resonant run in Fig. 9¢). The
characteristics of the spinning wave for this engine are
described in Ref. 9 and will not be repeated here, except
to state that its waveform at the chamber boundaries
is essentially the same as that for the initial disturbance
shown in Fig. 11; i.e., shock-like.
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INJECTOR REFERENCE

POP ORIGIN (FROM FIG. 13, RUN 1089)

Fig. 12. Position of wall measurements relative
to injector (see Fig. 11)

These data serve to illustrate the typical transition to
resonance from a pop for this engine, and also the sim-
ilarity of this type of transition to that of a bomb-induced
transition. (See Ref. 5 for a further discussion of the
transition to the spinning mode of resonance.)

The method of analysis that was devised for inferring
the location of pop origins from measurements such as
these was based on the assumption that the pop origi-
nates from a particular point in space and time, and that
the pressure wave from the disturbance expands spher-
ically at a constant velocity. The following derivation
from an analysis by Kushida is taken from Ref. 19:

The time of origin of the disturbance is denoted by #,,
the position by %, y», 2, ind the velocity by c. The posi-
tion of the ith transducer is given by x., y., =. and the time
of arrival of the pressure wave by ¢., where the subscript i
identifies the transducer. We can write an expression equat-
ing the distance between the source and a transducer S
to the distance traveled by the pressure pulse (¢, — )
in the time between initiation and detection. One such
equation can be written for each transducer. In the 18-in.-
diameter engine, there are generally nine transducers
operating simultancously; hence, there are ninc equations.
There will be more cquations than unknowns (c, to, %,
Yo, %), so we shall try to obtain the best fit values for the
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unknown quantities. We write the equation for the vari-
ance ¢ of the position as

.
«= ; SIS, ~ et — t)]: (1)

where the distance S, is given by

Si=[(x —x)2+ (g “9)2 + (2. —2)2]%
(2)

The values of ¢, &, %, Y., and z, which minimize the ¢ are
the best fit.

Trial values for the position of the disturbance (., g,
Z,) are assumed. By differentiating ¢ with respect to ¢ and
t., while holding position constant, and setting the re-
sult equal to zero (i.e., the necessary condition for . min-
imum), we can derive the following expressions:

St—St
= —_——a S
== (3)
and
-;_5
th=1— = (4)

where we have defined the mean values
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Note that the times %, and #; are measured from a com-
mon, although arbitrary, zero in time. Using Eqs. (2),
(3), (4), and then (1), the variance ¢ can be calculated.

The assumed location of the origin is shifted systemati-
cally through the volume of the combustion chamber until
the position of minimumn; ¢ is found. This position is taken

as the origin of the disturbance.

The credibility of this analysis was verified by applying
it to several engine firings during which a small high-
explosive bomb (13.5-gr charge) of known location was
exploded. The results of this test of the analysis are given
in Ref. 19, where it is shown that angular positions
withir 3 deg and radial positions generally within 1 in.
of the actual bomb centerline positions were calculated.
These errors are within the volume displaced by the
unexploded bomb. Somewhat less accuracy was achieved
for the axial position, for which positions from 0.5 to 5.3
in. downstream of the actual location were calculated.
It is felt that the latter variability is due to the assump-
tions of constant wave velocity and sphericity of the
expanding wave. Thus, it is concluded that the calenla-
tion procedure can give reasonably accurate angular and

17
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radial coordinates of an initial disturbancc, but relatively
poer axial-position information.

When this procedure was applied to the nine runs
selected for pop location analysis, the results shown in
Fig. 13 and Table 2 (adapted from Ref. 19) were obtained.
The pressure records for run 1103 did not show a defin-
itive initial disturbance, but rather a relatively slow
growth of pressure oscillations over many cycles com-
mencing during the starting flow transient; therefore,
it was concluded that no pop had occurred, and that the
transition to resonance was caused by some other non-
steady combustion condition associated with the start.
All of the other eight runs exhibited the pop type of
transition after the start transient. Moreover, the calcu-
lated pop origins for six of these runs occurred in the
region of the chamber boundary. The pops from runs
1089 and 1090 appeared to originate downstream of the
same boundarv element, but the locations shown for
the other runs indicate that the origins were not generally
associated with a particular element.

It was thus concluded that, for this engine, pops are
initiated through some random process associated with
the boundary flow injection scheme, and this conclusion

1 RUN 189 INJECTOR REFERENCE
2 RUN 1099 /_ RARK (VVP)

3 RUN 1693 -

4 BUN 1095 pr iy

5 NIgs g \7 ;2\

' - .
6 RUNIZ ™ \\? -
7 RUN 1079 . ’l 4 o 1 2 3
8 RUN 1101 ! i
(SEE TABLE ) VIEW LOOKING UPSTREAM TNCHES

Fig. 13. Locations of pop origins for several runs
of unbaffled cylindrical engine
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is substantiated by the absence of a pop when no
boundary flow was used for run 1103. This absence of
pops for the main-flow-only operating condition will be
further confirmed later.

Table 2. Calculated coordinates of pop origins
relative to injector face

Calculated coordinates
Data
point® Rua Angle,” Radial, Axial,
deg in. in.

1 1089 40 9.0 43
2 1090 38 9.0 2.1
3 1093 15 5.0 14.5
4 1095 157 9.0 9.5
5 1096 150 9.0 11.0
) 1097 169 8.5 7.5
7 1099 22 7.5 11.0
8 1100 327 9.0 3.0
- 1103° lndeterminote

aIndicates dato poinss in Fig. 13.
bClockwise from injector reference mark.
“No boundary flow.

2. Transient behavior. By use of this insight into the
spatial position of the pop source and the results of an
analysis by Kovitz (see Ref. 6), the pressure records
shown in Fig. 11 can now be examined in more detail.
Being concerned only with the propagating wave front
(assumed to be spherically expanding, as before, and
unimpeded by baffles), Kovitz considered that any small
segment of the front could be treated as planar. With
the further assumption that the advancing fronmt is a
Chapman-Jouguet detonation (already developed in the
transit time from the origin), the gas properties asso-
ciated with such a front were calculated for a set of
combustion-chamber conditions believed to be realistic
within the first half of the chamber length for this engine.
These conditions are listed in Table 3. The detonaticn
was taken to be entirely gas-phase (i.e., not two-phase
with drops), although the estimated liquid mass was
taken into account in the cnergy released to the front. In
this manner. a Mach number of 1.77 and a pressure ratio
of 2.17 were calculated for the advancing front. If the
velocity of the undisturbed gas ahead of the front is
assumed to be zero relative to the direction of front
propagation, this M-ach number corresponds to a front-
propagation velocity of 7140 ft/s across the chamber.
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Table 3. Combustion-chamber conditions
for detonation calculations

Paramater Quantity
Overall mixture ratio 20
Heat of reaction, colfg of reactant 1200
Liquid mass fraction” 0.50
Rotio of specific heats 1.2
Che \1ber gas molecvlar weight 20.4
Chomber gas temperature, °R 5580
Chamber gas pressure, psia 108
Cakulated acoustic velocity, ft/s 4030
*in first 8 in. of chamber length.

Because it was reasoned that some of the wall-mounted
transducers might sense the reflection of the front from
the wall, the properties of the above wave after a reflec-
tion normal to the wall were also calculated by Kovitz.
These properties were calculated for two conditions:
(1) assuming no temperature gradient near the wall and
(2) assuming a relatively cool layer of gas (compared to
the combustion gas field) near the wall.

For the case of uniform gas temperature, the predicted
reflected overall pressure ratio was 3.67. For the case of
a cool gas layer, a significant amplification effect was
noted that depended upon the temperature ratio of the
hot and cold gases and upon whether or not chemical
heat release takes place in the cold gas. With a tempera-
ture ratio of 6:1 (realistic for the measured wall tem-
peratures of 200 to 300°F near the injector), the overall
reflected pressure ratio was calculated as 3.8 and 6.7,‘
with and without heat release, respectively.

A comparison of these analytical results with some of
the experimental measurements shown for run 1089 in
Fig. 13 is illustrated in Fig. 14 and Table 4. If it is
recalled from the results of the bomb tests that the cal-
culated axial position is generally too far downstream, it
can be assumed that che axial position of the pop origin
for this run is actually between the 4.3-in. position cal-
culated (from the pop source analysis, Fig. 13 and
Table 2) and the injector face. Therefore, the axial posi-
tion of the pop can be assumed to be near the chamber
stations of the KW1, KW2, KW7, KW8, and KW9 trans-
ducers. If the cross-sectinnal volume of the chamber
encompassed between the face and the 2.7-in. station of
the KW2, KW7, and KW9 transducers is considered to
be onc-dimensional in the transverse direction, then
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Fig. 14 illustrates the expanding wave at three positions
as it traverses this volume from its origin.

As the front intersects the KW7, KW8, and K\W9
transducers, these transducers sense the properties of the
advancing front in much the same way as does a side-
wall-mounted transducer in a shock tube. However, trans-
ducers KW1 and KW2 sense the reflection of the wave
as for a shock-tube end-wall measurement. Hence, the
pressure ratio sensed at the former locations should be
compared to the calculated ratio for the advancing front,

Table 4. Measured and calcvloted wave properties

{run 1089
Pressure ratio Wave velocity, fi/s
Tronsducer
Measurad Calculated | indicoted,” ¢ | Caleulated
Kw7 1.55 ' 3170 7140
Kwo 1.22 ‘ 217 7140
Kws 289 7140
Kw2 433 3.67 to —
KW 8.93 670" 3170 -
*From pop source location analysis.
bDepending on assumption of energy releose.
INJECTOR REFERENCE
POP ORIGIN
(FROM FIG. 13,

Kw7 RUN 1089)

KW1 AND Kw2

N

Fig. 14. Schematic of measured and calculated
wave properties (run 1089)
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whereas that sensed at the latter locations snould be
compared to the calculated ratios for reflections.

From Table 4, it can be seen that the calculated pres-
sure ratios compare favorably with the respective mea-
sured values. However, the transducers located nearer to
the face (KW1 and KWS8) indicate a higher wave strength
thau that of the transducers located farther downstream
(KW2, KW7, and KW9). This is believed to indicate a
complex interaction between the wave and the large
combustion gradient (axial direction), which was not

considered in the simplified analysis.

A very large difference between calculated and indi-
cated velocity is apparent; however, the indicated ve-
locity is taken fromn the results of the pop source analysis,
which gives only an overall average velocity ¢ for the
entire pop disturbance. The source location analysis has
already been shown to be weak for locating the axial
position of the source, apparently because of the as-
sumptions of disturbance sphericity and constant velocity
for all regions of the disturbance. In fact, analogous wave
velocities inferred from the bomb tests showed even
lower values (~2500 ft/s) than for the spontaneous
waves (3170 ft/s).

A crude indication of the magnitude of the difference
between the overall average velocity obtained from the
pop location analysis and the local velocity near the face
can be obtained by comparing the 2300-ft/s average
bomb-disturbance velocity with measured bomb-wave
velocities (obtained during engine operation). In an
ancillary investigation (Ref. 20), the instant of bomb
explosion t, was measured experimentaily for a bomb
located at the center of the face, and the resulting wave
was detected at the chamber wall at the same chamber
station as the bomb centerline (the 2.70-in. station for the
KW2, KW7, and KW9 transducers). The average transit
time of the wave for several measurements was 157.2 ps,
which (for the 9.02-in. chamber radius) gives a wave
velocity of 4780 ft/s, a factor of 1.91 times the average
value inferred from the location analysis. Application of
this factor to the average value for the pop disturbance
velocity of 3170 ft/s yields a wave velocity of €060 ft/s
near the injector face; this is a more reasonable value,
considering the measured pressure ratio of the advancing
front, as shown in Table 4.

3. Summary of the nature of the pop disturbance.
Popping is the manifestation of aperiodic, large-amplitude
pressure waves propagating through the combustion
chamber. In contrast with the normal combustion noise,
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which is always present, the pop is distinctly singular in
that it is one wave that has grown to significantly large
strength. This growth, achicved in less time than the
transit time of the wave across the chamber, apparently
depends upon detonation-like processes rather than an
classic acoustic phenomena. The wave usually precipi-
tates sustainerd, nonlinear, combustic.a-chamber resonance
if the engine is dynamically unstable.

What causes a particular wavelet to grow in this
manner and become a pop is not fully understood. How-
ever, present experimental evidence shows that the source
disturbances originate in the near-wall region of the JPL
18-in.-diam engine—a region associated with the boundary
flow injection scheme.
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Fig. 15. Early correlation of roegh mode with injector
operating conditions, 18-in.-diam cylindrical engine
with baffles

B. Occurrence of Popping

During early attcmpts to correlate the occurrence of
popping with engine operating conditions, it was noted
that the roughness could be eliminated by changing the
boundary flow to off-design mixture ratios. Propellant
injection temperature was disregarded, but the correla-
tion shown in Fig. 15 (from Ref. 8) was observed for
the limited number of firings completed at that time for
which popping had been positively identified. A subse-
quent series of firings (unbaffled cylindrical engine),
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with a modified boundary feed and manifolding scheme
to enhance the hydraulic stability of the boundary
streams, exhibited sporadic occurrences of spontaneously
induced resonance, which were attributed to pops. How-
ever, the correlation shown in Fig. 15 did not appear to
include all of the significant variables of the problem,
and the sporadic occurrence of resonance in some cases
violated the “smooth” and “rough” regions of that cor-
relation. By the time these firings were completed, it was
suspected that propellant temperature was also an im-
portant factor; however, since adequate temperature-
control facilities were not available at that time, this
suspicion could not be clearly verified.

A different series of experiments with the unbaffled
annular version of the engine yielded essentially the same
spontaneous transitions to resonance as those for the
unbaffled cvlindrical engine, ex-ept that nearly all of
the firings were resonant. Stahlizing the annular engine
with baffles of adequate length allowed positive identifi-
cation of the prcser~e of pops. Thus, it seemed clear that
the former assumption of a coirespundence between the
presence of pops and the inception of resonance was
verified. It was also noted that these annular-engine
firings had been conducted during consistendy high
ambient air temperature conditions; therefore, propellant
temperatures were also consistently high compared to
those for the nonresonant cylindrical engine firings. As
a consequence, a series of firings was conducted to inves-
tigate the temperature effect.

As discussed in Section II-B, propellant temperature-
conditioning units were used to isolate the potential
effects of the temperature variable. When the results from
these experiments were obtained, it became clear that
propellant temperature was indeed a primarv variable,
and efforts were made to assimilate ali of the popping
data from the cylindrical and annular engine firings into
a single correlation. These data, along with the data from
the temperature-controlled runs, are listed in Table 5,
which divides the many firings into several groups identi-
fied primarily on the basis of specific engine configuration
and range of flow variations. A summary description of
cach group is included under “Remarks” in Table 5.

The tabulated boundary mass fraction Z and the mix-
ture ratios r, and r,, can be compared to the design values
listed in Table 1. For convenience of identification, the
groups designated with the suffix “A” contain runs with
an off-design, main-flow mixture ratio or some other mis-
cellaneous variation (Group XV-A); all other groups are
for essentially constant, near-design r.. Hence, the pri-
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mary hydraulic variable for the popping data was the
boundary flow mixture ratio. Runs of Groups X. XI, and
XI-A were conducted with boundary flow deleted.

With the exception of one run in Group XV-A, all of
the data are for a chamber pressure of ~100 psia (static
pressure), with actual values between 83 and 120 psia.
The one exception constituted a cursory examination of
the influence of an increased level of combustion pressure
on popping. The pressure was elevated to 300 psia by
decreasing the nozzle throat area while maintaining the
nominal design flow rates.

Most of the runs used nearly equal fuel and oxidizer
tempera.ures (whether temperature-controlled or not),
although a substantial temperature difference was present
for several runs. The representative combined propellant
temperatures (boundary or main) for all firings were
taken as a mass-weighted average (assuming equal
specific heats) in accordance with the following relation-
ship:

= _ (Tm.b), + fmd (Tm.b)o,
Tus=
1+ Tmb

where T is the propellant temperature in the respective
manifold during firing; r is the respective mixture ratio
(m,./m;); and the oxidizer, fuel, main flow, and boundary
flow are indicated by subscripts ox, f, m, and b, respec-
tively.

If the columns headed by expressions containing
Pa:/puor are disregarded for the present, other columns
in Table 5 list:

(1) The classification of each run as smooth, marginally
smooth, rough, or spontaneously resonant.

(2) A characterization of the rough runs in terms of
average popping rate (pops/s).

(3) A measure of the combustion noise for the smooth
runs in terms of the rms value of the noise (pc rms)-

The run classification was determined by visual exam-
ination of high-response chamber pressure records similar
to those shown in Fig. 10a. The following classification
definitions were adopted:

(1) Smooth: no pops during firing.
(2) Marginally smooth: one pop during firing.
(8) Rough: more than one pop during firing.

(4) Resonant: spontaneous transition to resonance dur-
ing firing.
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For present purnoses, roughness associated with the
start transient and transitions to resonance occurring
during the start were not considered in the popping data.

Because identification of individual pops is a matter
of judgment when many pops are present (see Fig. 10),
the average popping rate is admittedly a coarse measure
of popping. However, any bona fide pop could be dis-
cerned on all pressure records for a given run, and,
because the run classifications arnd popping rates for
these data were assigned by one irdividual, there is
relative significance within the data.

The rms value of chamber-pressure fluctuatious as a
uwscfel measure of popping was discardcd because the
electronic averaging device used a fived time constant
that is short relative to the popping iatc. Hence, p. .,
does not provide a single representative value that is
easily comparable from one popping run to the next,
wherein the popping rate may differ by an order of
magnituce. It is a use®: ! indicator of normal combustion
noise level, however, where the noise frequency is dis-
tributed fairly uniformly across the measurable spectrum:
therefore, g, (u, is included in Table 3 as a characteristic
of the sinooth runs

Combustion efficiency »- for most of the nonresonant
runs is also listed in Table 5. This parameter is defined
as 100(c*/c%,), where c* is the characteristic velocity
(computed from the wneasured flowrates, and nozzle-
entrance static chamber pressure converted to ‘hroat
stagnation conditions), and c?, is the theoretical equihb-
rium charact >ristic velocity based on overall mixture ratio.

Popping rate vs r, for sevoral ranges of T, for those
runs in Groups I-IX (i.e, those runs maintaining an
essentially constant -, near the design value—see Table 5)
where nearly equal fuel and oxidizer temperatures
(AT < 10°F) were present at the boundary. is shown in
Fig. 16. The occurrence of popping, as well as the max-
imumn pepping rate, tends to be centered around the
design (mixing-uniformity) mixture ratio of 1.27 when-
ever T, is greater than about 60°F.

For mixture ratios near 1.27 in the T, range of 61 to 70°F,
popping occurred somewhat sporadically from run to
. When it did occur, the rate was lower by ar order
of magnitude than the rate for those firings with higher
temperatures. Temperaturcs in the range of 71 to 90°F pro-
duced the maximun pop rates (of the order of 45 pops/s),
whereas the hizhest T, range « ~ 91 to 105°F showed
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Fig. 16. Popping rate vs r, for several ranges of T,

a tendency to yield somewhat lower rates. The abrupt
rise in popping r:° to a maximum at about 75°F and
the trend toward . ..eased rates for T, > 80°F arc indi-
cated in Fig. 17a, ‘vhich shows data for a narrow r, range
(1.19 < r, < 1.36) around the design value of 127. It
should be noted that the higher T, firings are for the
annular engine only; therefore, there could be some
question as to whether the indicated trend of decreased
popping rate for T, > 80°F is fortuitous. Hov.vver, there
is no indication of a different popping-rate behavior
Letween the two engines from other aata in Table 5.

so this trend is believed to be vahd.

Figure 17b shows p.,,.. vs T, for the smooth firings
of runs of these same groups. There is a measurable
difference here between the cylindrical and annular
engines, with the latter yielding somewhat higher levels
of combustion noise, as was mentioned in Section II-A.
However, no significant variation in p, .. with T, is
observed for either engine. Also, no significant variation
in combustion efficiency was obscrved with increasing
T, for these smooth runs, as depicted in Fig. 13. When
w. is taken as a continuous function of T, into the popping
regime, a slight increase (~1%) is indicated from the
lowest to the highest temnperatures encountered—at icast
for the annular chamber (analogous data are not available
for the cylindrical engine).
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Fig. 18. Combustion efficiency vs T,
for r, near 1.27

By the use of some imagination in combining the
information from Figs. 16 and 17a, an “operating map”
can be plotted for these engines, such as that shown in
Fig. 19. This is a three-dimensional presentation of
popping occurrence vs r, and T, where contours of

JPL TECHNICAL REPORT 32-1479

essentially constant popping rates bave been estimated
from the popping-rate data. To show how all of the data
from Group I-IX (restricted enly by the AT < 10°F
limitation) fit the plot, data for each group are individ-
ually identified. The outermast contour line indicates,
semiquantitatively, the threshold conditions for popping
for this particular injection scheme (the composite main/
bipropeliant boundary systems) and propellant combina-
tion at 100-psia combustion pressure.

As noted earlier in this subsection, some firings were
conducted with unequal boundary fuel and oxidizer tem-
peratures. These data, combined with the data used for
Fig. 17a (1.19 < r, < 1.36 for all data), are shown in
Fig. 20, which shows popping occurrence vs Ty, and Th,,.
Lines representing constant values of T, for r, =127
lie diagonally across the plot for reference. Inclusion
of the popping rates for the rough runs provides a third
dimension to this plot, as was done for Fig. 19. The
unsymmetrical orientation of the contour lines connecting
approximately equal popping rates, and the estimated
outer contour, indicates that popping may be somewhat
more sensitive to fuel temperature than to oxidizer
temperature.

The data presented thus far have dealt with operation
of the two engines with the main flow at the nominal
design condition, but with variations in bipropellant
boundary flow. Firings with simultaneous variations in
r.. and ry—categorized as Groups III-A, VIII-A, and
IX-A—are shown in Fig. 21. The runs are classified as
smooth, rough, or resonant, as before. Except for the
two runs identified bv run numbers 1259 and 1262,
each result is consistent with the popping-threshold
curves of Figs. 19 and 20, based on r, and T, only. The
two exceptions carnot be explained on the basis of
boundary flow alone; however, run 1259 exhibited sub-
stantially lower-amplitude pop disturbances than normal,
at a relatively low rate, and it is questionable even to
identify them as pops. On the other hand, run 1262

roduced the normal pop amplitude (still at a relatively
low rate) for which no explanation is apparent.

A similar display for all firings of Groups I-IX (includ-
ing the “A” groups) is shown in Fig. 22, with exceptions
again noted by run numbers. Run data for the excep-
tiuns are listed in Table 6. Of 112 runs, only 5 failed to
meet the popping limits prescribed in Figs. 19 and 20.
Thus, nearly 96% of the data studied fits the popping-
threshold curves deduced from the boundary flow con-
ditions alone.
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Fig. 21. Popping occurrence vs r, and r. for runs with simultaneous r, and r,, variations,
showing exceptions to dependency of popping on boundary flow conditions

Data from several firings with other off-design flow
configurations were also obtained to further defire
operating conditions producing pops. The results from
these firings are summarized separately in the paragraphs
that follow.

1. Single boundary elemen: separately controlled.
This experimen® was conducted to ascertain whether pops
could be produced by a single boundary element. One
element was arbitrarily chosen to have its mixture ratio
and propellant temperature controlled separately from
the remaining 23 boundary elements. These elements and
the main elements were conirolled in the normal manner.
One firing was made with nominal design r,, and with
the 23 bourdary elements flowing at the nonpopping r,
of 0.44. The single element was supplied with 84°F
propellants at a mixture ratio of 1.29—a condition well
within the popping regime depicted in Fic. 19. Flow from
the single element was initiated in the final 250 ms of a
2-s firing; two pops were produced within tkat p.riod.
No pops were produced duri.g the earlier portion of
the run.

2. Boundary flow only (main flow deleted). Pops were
not observed during that period of the normal start
sequence wherein boundary flows were established for
150 to 200 ms before commencement of th« main flow

32

(Section 1I-B). To verify this absence of pops when no
main flow was present, a 2-s firing was conducted with
boundary flow only. The r, and T, were well within the
popping regime; no pops were detected during the entire
firing.

3. Main flow only (boundary deleted). Several firings
were conducted, with the boundary flow deleted, over a
range of r, and T, conditions. These data are plotted in
Fig. 23, which shows that no popping was ever produced
for this operating configuration.

4. Poundary propellant substitutions. Several firings
were conducted with single-propellant boundary flow
(either 50/50 fuel or N.O, oxidizer), and with bipropellant
flow using N.O,—furfuryl alcohol (instead of 50/50 for the
tuel). The normal main-flow propellants were retained.

For the single-propellant tests (Croups XII, XIII, and
XIV), the two boundary manifolds were coup'ed together
at their entrances and fed from a single source—either the
fuel or oxidizer boundary feed system. Flow rates to the
individual manifolds were not measured, but individual
injector pressure drop data indicated that th« measured
total flow was essentially equally divided between the
two manifolds. This produced a like-on-like impingement
configuration, with nearly equal stream momenta.

JP. TECHNICAL REPORT 32-1479
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Table 6. Data for exceptions noted in Fig. 22

Run Group 113 T Remorks
1034 | W 51 46.5 Marginally smooth
1042 v 68 64 Spontaneously resonant
1232 X 68.5 56.5 Low popping rate

1259 IX-A 725 98
1262 IX-A 68.5 72

Low popping rate and amplitude
Low popping rate

1201 l
I
|
o a
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90 o,
ALL FIRINGS WITH ’*{
N TANDT
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"~ |
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OPEN SYMBOLS |
INDICATE SMOOTH |
RUNS | A A
olo
’ DESIGN ¢
m
2 |
1.2 1.6 2.0 2.4 2.8 3.2

*m

Fig. 23. Popping occurrence vs r, and fm, showing
absence of popping with no boundary flow

With the single-propellant oxidizer, no popping was
observed during the three firings, as is indicated for the
Group XIV runs (see Table 5), even though temperatures
in the range of 70 to 77°F were used. Also, no popping was
observed in three single-propellant fuel (50/50) runs with
temperatures from 60 to 63°F (Group XII). However,
when the fuel temperature was increased to 86°F, pops
were produced at a rate of about 9.5 pops/s (run 1254,
Group XIII). The boundary-mass fraction for this latter
run appears to indicate a substantially higher boundary
flow rate than it does for the cylindrical-engine runs of
Group XII with which it is being compared; in fact, the
flow rate is nearly the same value as that for run 1075. The
large difference in Z is the result of the lower main flow
rate of the annular engine (see Table 1).

In view of the concept of the stability of the impinge-
ment process that is discussed below, a final experiment

34

with single-propellant boundary fuel was conducted with
a restrictor inserted at the inlet to the outer boundary
manifold to unbalance the momentum of the streams.
Pressure-drop data indicated that the desired imbalance
of ~2.75:1 (inner to outer stream) was achieved. This
firing did not produce pops with a T, of 108°F.

Substitution of the furfury! alcohol was accomplished
by supplying the alcohol to the inner boundary manifold,
which is normally the fuel manifold. Two firings were
conducted (runs 1251 and 1252 of Group XV-A) nearly
at the uniformity mixture ratio (nominally 1.13) for these
propellants and the equal-diameter boundary elements.
During run 1251, low-amplitude pops were present (~6.1
pops/s) throughout the first 1.7-s period of the 2-s run.
At the end of this period, resonance was initiated spon-
taneoush even though the annular engine was baffied
and ha! previouslv demonstrated stability during many
firings with bombs and substantial popping amplitudes.
In the subsequenti run, re uauce was again spontaneously
initiated after approximately 450 ms of the low-level
popping. The loss of stability was a surprising result of
the propellant substitution, and no attempt to explain
it will be made here. The influence of the alcohol in
reducing the severity of popping per se will be discussed
below.

5. Elevated chamber pressure. A single firing (run
1255, Group XV-A) at 300-psia chamber pressure was
made, as mentioned above. The injected flows were
maintained near the design values with a T, of 89.5°F
(a popping condition for the 100-psia firings), but uo pops
were produced.

6. Summary of miscellaneous off-design firing resuits.
Pops were produced with:

(1) A single boundary element (with main flow and
with the remaining boundary elements at off-
popping conditions).

(2) High-temperature, single-propellant boundary fuel
(with main flow) if the like-on-like element was
operated with nearly equal stream velocity.

(3) Furfuryl alcohol fuel (with N,O, oxidizer) in the
boundary (reduced pop amplitudes and rates).

Pops were not produced with:
(1) Main flow only.
(2) Boundary fiow only.
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(3) Single-propellant boundary oxidizer under any con-
dition tested (with main flow).

(4) High-temperaturc, single-propellant boundarv fuel
(with main flow), if the like-on-like element was
operated with nonidentical stream velocities.

(5) 300-psi chamber pressure.

IV. Discussion

In view of the results presented in the foregoing
sections, it is evident that popping is the consequence of
combustion-supported traveling waves originating from
source disturbances, which (in the case of the engines
studied herein) are associated with the boundary-injection
system. Both a source disturbance and an appropriately
reactive surrounding environment apparently are nec-
essary to produce a pop.

Kovitz (see Ref. 6) has concluded that the reactive
environment in the rocket chamber is indeed an appro-
priate one, especially in the region within a few inches
ot the injector in which high-temperature, nearly com-
plete reactions abound. Although it is not clear how great
a role the heterogeneous nature of this region plays in
supporting disturbances in actual rocket combustors,
other investigators (see Ref. 7) have concluded (from
detonation-tube experiments) that combustion-supported,
high-amplitude, high-velocity waves can be formed with
relative ease in a combustible medium with either fuel
sprays or fuel-wetted walls. In general, therefore, it is
believed that high-performance, liquid rocket combustion
systems always produce an appropriate environment to
yield pops (given the initial source disturbances). Con-
sequently, it is imperative to interpret the present resultc
in terms of a relationship between engine-operating
conditions (i.e., mixture ratio and propellant temperature)
and an explicit popping source so that at least this source
may be further understood and ultimately controlled.

A. Stagnation Dynamics of Impingement

It is beyond the scope of this report to present a formal
analysis of the resultant flow field from a pair of impinging
free jets. Inscead, reference is made tc an analysis®
(Ref. 21) that discusses the important fact that the result-
ant flow can assume three topologically distinct configura-
*jons, depending upon the relative dynamic pressures of
the two incoming streams.

3Suggested Ly Dr. D. F. Dipprey.
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The three configurations depicted in Fig. 24 (adapted
from Ref. 21) are for two-dimensional, inviscid, incom-
pressible streams (sheets). If the ratio of stream dynamic
pressures is arbitrarily defined as pu/puo: = p/Vi/po Vi,
where p and V are prop-llant density and strcam velocity,
respectively, then the configurations are identified in
Fig. 24 as follows: (1) Fig. 24a for py/paw: < 1, (2) Fig.
24b fOl‘ pdf/pdo: = 1, and (3) Flg 24c¢ fOl’ pdj/pdn.r > 1.
The flow field for viscous, cylindrical streams of fluid
possibly is not so straightforward, but physics requires
that it exhibit the same gross feature: that only for equal
dynamic pressures will both streams stagnate, and
unequal dynamic pressures will produce only one stag-
nated stream.

(a) Py

o <! \\

FUEL

STAGNATION
POINT

OXIDIZER

STAGNATION
POINT

BACKFLOW

OXIDIZER

[Q
) Pdf o1
Pdox
STAGNATION
POINT
BACKFLOW
/
QXIDIZER

Fig. 24. Schematic representation of the impingement
region for two-dimensional free liquid jets
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One important characteristic of the flow field for each
particular configuration is the production of “backflcw”
by a bifurcation of the stagnated stream(s). Conceptually,
for a given doublet injector element, as the dynamic
pressure ratio is varied from <1 through unity to >1, the
resulting backflow will vary as depicted in Fig. 24. How-
ever, even if the pressure-ratio variation is continuous, the
composition of the backflow will vary discontinuously as
the pressure ratio passes through unity. Thus, operation
of a doublet clement near unity dynamic pressure ratio
is evidently hydraulically unstable because, even for the
best of flow systems, relative minor variations in flow
(e.g., turbulent flow) or fluid density can accur that may
temporarily shift the stagnation-streamline pressure ratio
from one side of unity to the other.

The production of backflow causes the efluent mixture
ratio (downstream from the impingement point) to be
different from the overall mixture ratio of the incoming
streams. Although the backflow is eventually consumed
(in the case of reactive fluids), it cannot be considered
as taking part in the primary mixing processes. For
two-dimensional inviscid streams, it can be shown from
mass and momentun: balances (see Ref. 21) that the
“split ratioc” X of the bifurcated stream (for the case

Pd,r/ Pdor 7= 1) is:

X = 1+T)(1+ cosa)
"~ 2+ T(1+cosa)

where X is the ratio of the effluent-to-input mass flow
rate of the bifurcated stream, I' is the ratio of the
oxidizer-to-fuel momentum fluxes, and « is the included
impingement angle between the two incoming streams.

From these relationships, it can be shown that the
mixture ratio of the effuent flow r. can be related to the
overall input mixture ratio r, by r; = Xr, for ps/pio. >1,
and r, = r./X for pa/Paor <1.

If it is assumed that the cylindrical-stream impinge-
ment of the boundary elements follows this two-
dimensional backflow relationship, Fig. 25 shows how,
for this element, the output mixture ratio r,, might vary
with input mixture ratio r,, (equal to ), for a nominal
propellant-density ratio p,./p, of 1.613 at a temperature
of 40°F. Dynamic pressure ratio vs r, is also shown
because dynamic pressure ratio can be expressed as:

Par _ PrV}' _ Prﬁ‘l'j (I:,pgr_ipl(dw)*
Paor P‘"V?u' Por'hﬁzd?Pf TS Pr d,
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where :n, and Mm,, are the input mass flow rates of an
eleruent of the boundary system.

It should be noted that the design mixture ratio of 1.27
corresponds to p.,/p. = 1 for che propellant temperature
used in this illustration. However, because the density
ratio varies only slightly with temperature, operation at
r, = 1.27 will always produce a pressure ratio near unity
for this element and N.O,-50/50 propellants.

In the case of the injector RC-1 boundary system, 24
elements are fed from common manifolds, and the mea-
sured r, for any particular firing is the mean value for
the multiple elements. Not all elements (perhaps none)
will operate at the measured value, depending upon the
flow distribution from the manifolds. Thus, a more or less
random distribution of mixture ratio (hence pressure
ratio) around the mean value would be expected for
the individual elements. In poorly controlled manifold
schemes, the mean value might not even be represen-
tative of the element flow. In any case, the net effect of
multiple elements is to smear the effects of single-element
impingement processes over a broader range of mean
operating values.

2.6 T T 1 12
N,O,-50/50 (UDMH/N,H, )
To = Thox = 40°F
2.2 dg=d_, =0.073in. 0
IMPINGEMENT
ANGLE@  =60deg
po)Jp’- =1.610
1.8 } 8
\ .
3
S 1.4 —\OXIDIZER STREAM ——+ 6 X
STAGNATED ' 5
' Q.
_\ .
[ ]
]
1.0 W4 4

FUEL STREAM
S‘I'I}GNATED

X

0.6 < \ — 2
df/ Pdox = 1.0
0.2 o 1.27—l I 0
0.4 0.5 1.2 1.6 2.0 2.4

b1 (EQUAL TO rb)

Fig. 25. Computed output mixture ratio and dynamic
pressure ratio vs input mixture ratio for boundary ele-
ment, based on two-dimensional inviscid analysis
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B. Hypergolic Reactivity in Stagnation Region

Recent studies of hypergolic stream impingement (see
Refs. 11-13) have shown that heat release and gas
evolution from rapid reactions in the impingement region
can, in certain cases, modify the mixing and atomization
processes observed for nonreactive fluids. These so-called
stream-separation effects are not yet fully understood;
however, three interrelated parameters have been identi-
fied that appear to be important: (1) propellant tempera-
ture, (2) impingement contact time, and (3) total pressure
at the impingement interface. This interrelationship
appears to involve the level of reactivity of the particular
propellants being considered.

The current concept of the stream-separation phenom-
enon is that there is a finite time of intimate contact of
the reactants at the impingezient intericce. If the reac-
tivity of the fluids is vigorous enough, :ufficient gas
products (or reactant vapors) will be evolved during the
contact time to effectively separate the stceams and
prevent gross liquid mixing. However, if the reactions
are sufficiently slow relative to the contact time, the
mixing and atomization of the streams follow essentially
the same course of events for nonreactive impingement.
Because reactant temperature has a large effect on
reaction rate, it is not surprising that separation can be
a function of both temperature and contact time for a
given propellant combination.

A complication to this concept is the influence of total
interface pressure. Theoretical models of stream separa-
tion have postulated three mechanisms (see Ref. 13):

(1) Local boiling of propellants caused by heat released
by liquid-phase reaction.

(2) Gas evolution caused by gaseous products of liquid-
phase reactions.

(3) Formation of a gas film between jets caused by
gas-phase reaction.

Typical analytical results obtained from these models are
illustrated in Fig. 26. The pressure is predicted to have
a primary influence on the occurrence of separation for
all three mechanisms; however, its effect in mechanism
(1) is opposite to its effect in mechanisms (2) and (3).
That is, for a given contact time, increasing pressure
suppresses separation for evaporative mechanism (1),
whereas it enhances separation for the other two mech-

iTotal interface pressure = chamber pressure + dynamic pressure
of stagnated jet.
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anisms. Therefore, if all of these mechanisms are present,
the effect of pressure depends upon the mechanism that
is controlling.

Even the dependency of separation on propellant tem-
perature is not universal for the three models because,
for mechanism (3), such a small temperature dependence
is predicted that it is too small even to show on Fig. 26.

Insufficient experimental data have been obtained to
evaluate these models adequately or to establish the
possible application of each, but temperature, pressure,
and contact time appear to be the dominant parameters
for a given propellant combination.

Perhaps the greatest deficiency in modeling the separa-
tion phenomena so far is the definition of contact time.
A rigorous analytical definition of this parameter is
almost impossible because of the complex nature of the
three-dimensional hydrodynamic flow field encountered
in practical injector-element geometries; therefore, for
analytical simplification, contact time was originally
defined (see Ref. 12) for a pair of axially symmetric, 180-
deg opposed, inviscid streams of equal velocity for
which the impingement could be considered ~s if it
occurred normal to a flat plate. In this case, the char-
acteristic average residence time of a particle along the
impingement interface was shown to be approximately
equal to d/V. where d and V are jet diameter and
velocity, respectively. This definition has been used
subsequently in all published work on stream separation.

The foregoing models of stream separation evoke the
condition of equal stream dynamic pressures. It is be-
lieved that the fact that only an average residence time
was considered overlooks the possibility that a small
kernel of both reactants in the immediate vicinity of the
impingement point may indeed be stagnant, and hence
have an infinite residence time. For practical elements
(with turbulence and other nonsteadiness), this time is
undoubtedly not infinite, but merely much greater than
the average residence time indicated bty d/V. In fact,
d/V may be more nearly the correct contact time for
streams with unequal dynamic pressures, in which (as
discussed in Section IV-A) only the stream of lower
dynamic pressure is stagnated. In this case, contact time
might be defined as proportional to the diameter of
the stagnated jet divided by the velocity of the unstag-
nated jet. The point is that again the condition of equal
dynamic pressures appears to present an essentiaily dis-
continuous effect on the impingement processcs.
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This is illustrated in Fig. 27, which shows contact time
vs (1 + pur/Pae.)* for the houndary elements of the RC-1
injector. Contact time in this case is defined as the
diameter of the boundary orifice (0.073 in.) divided by
the velocity of ihe unstagnated stream (N.0,-50/50
propellants were assumed). An average cont: -t time of
approximately 80 us is indicated for unity p,/pi.., but
that contact time for this condition is actually undefined
for the reasons previously given. Conceptually, the con-
tact time in the vicinity of unity dynamic pressure ratio
follows the trend shown by *he dashed curve, where its
faired-in nature reflects the fact that the unstagnated
stream decelerates as it approaches the stagnation condi-
tion; hence, contact time probably increases with the
trend shown.

C. Correlation of Popping Occurrence With Dynamic
Pressure Ratio

To apply the foregoing c~ncepts of chemically reactive
impingement dynamics to t!. - question of pop sources,
it is suggested that a smah kernel of reactant(s) may be

0.5 1.27 2.84

1905 T T
1201 n,0, - 50/50 (UoMH/NH, ) '
Tot = Tho = 40°F ,

df = dox =0.073 in. ’

r'nb = CONSTANY =7.92 lbm/s I
/
L
[
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/— TREND OF CONTACT
TIME (NO SCALE)
\‘
\

N

Z COMPUTED CONTACT TIMF -'

CONTACT TIME, us
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Fig. 27. Contact time vs dynamic pressure ratio
narameter (1 + p.//puc)
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essentially stagnant at the impingement point, but the
composition of this kernel may be either all one reactant
or both, depending on the relative stream dynamic
pressures. Thus, for p./pu..«1 (see Fig. 27), the fuel
stream 1s stagnated, with the oxidizer sweeping past the
stagnated kernel of fuel, and vice versa. In such a case,
the contact time may be relatively short compared to
the case where both streams are nearly stagnated (or
alternately stagnated), when the stagnant kernel may be
composed of both reactants with a long time to react.
It is envisioned that this latter situation could produce
a small “explosion” that could be the source disturbance
for a pop, whereas the former cases may produce some
degree of stream separation only, the actual production
of either the pop-source disturbance or stream separation
still being a function of chemical reactivity, contact time,
and tota! pressure at the interface.

The probability that the entire impingement configura-
tion is temporarily disrupted by the source discurbance
(see Rets. 4 and 5), requiring some time to return to its
initial configuration before repeating the explosive event,
could lead to the randomness of popping in a rough run.
The presence of multiple elements in the injector would
tend to accentuate the randomness. and (as previously
discussed) broaden the mean operating range over which
pops are produced.

The engine data illustrated in Fig. 19 arc presented
in terms of dynamic pressure ratio in Fig. 28. In this
figure, the data are not identified as to group (see
Table 5). The poppirg-rate contour lines show how
popping occurrence is maximized around pg/ps- = 1 at
75°F < T, < 80°F, although popping occurred over a
fairly troad range of pressure ratio, as might be expected
for the multiple elenients.

The fact that the occurrence of popping was a function
of pressure ratio and propellant temperature is believed
to be consistent with the arguments discussed above
regarding the stability of the impingement process, the
increase in contact time at unity pressure ratio,” and
increased reactivity with increasing temperature. How-
ever, the tendency for popping rate to decrease for pro-
peilunt temperatures above 80°F is difficult 1 rationalize
at this time. But it is possible that the generation of the
explosion-like pop source is associuted with some range of

SInterestingly, almost all reported results on single-element stream
separation and popping investigations are f- ¢ equal dynamic pres-
sure streams.
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intermediate impingement cone < < between the incep-
tion of stream separation a-.’ ievelopment. Other
investigaters Love also obsc. ... tendency,* which
they have attributed to a :eqoirement for some degree
of liquid-phase mixing to nave occurred before the dis-
turbance czn be created. In the absence of more dcfinitive
information, this is helieved to e a piausible explanation
for the present resalts. For near-unity dynamic pressure
ratio, temperatures telow ~60°F did not allew agpre-
ciable gas or vapor evolution -vithin the imningement
region. whereas temperatures in the range of 75 1o 80°F
apparently provided an optimum combination of mixing
aud gas evolution (albeit sporadically). Finally, at tem-
peratures above 80°F, still greater gas (or vapor) evolu-
tion reduced liquid-phase mixing and, therefore reduced
the random <cneration of pop-source disturbances.

The contention throughour *his discussion that the
source of an individual pop is produced by a single
clement ;= borne out by the pop-location data presented
ir Section HI1-A, #nd is confirmed by the separately con-
rrolled, single-element experimeut described in Section
I11-B. Tk popping-rate data obtained for the composite
injector are the result of many elemenis prod wing pop
sources. The fact that a wmaximum po;.ning rate was
observed at the mean operating conditio Vo Paee = 1
is, in one sense, ap indication of the relau:, vy good fow
distribution of the RC-1 boundary manifcld; that is, a
large number of the elements were indeed flowing ot

tiw mean cordition..

The fact that popping was eliminated in the one firi..z
where chanber prossure was increased from 100 to 300
psia indicates that the reactive-impingement pop-source
mechanism is suppressed by increased comtustion pres-
sure. This is reminiscent of the effect of increased pressure
in suppressing the boiling mechanism of vapor evolution
{Section 1V-B). Ho -ever, incrcased pressure i; also pre-
Jicted to enbance the gas urovluct and gas film com-
bustion mechanisms of stream scparation; therefure, the
observed suppression effect of higher pressure remains
uncxplained at this time. Nevectheless, the effect of
suppression Dy incrcased combustion pressure should not
be ignored; it is similar to the observations of Houscman
(see Ret. 13) for N.O, N.H., propellauts in a sinall single-
element (same clement size as the present boundary
element) reseacch combastor. He reported a marked
decrease in voughness (albeit not ¢': 1vly pops) for cham-
ber pressures above 150 psia.

“riv ate cominunication with B. P. Breen and b. h. Lawv: |

10

The effect of the level of reactivity on the production
of pop sources was cursorily examined in the experiments
t * wed furfuryl alcohol as fuel in the boundary system.
‘ine N.O,~furfuryl alcohol combination is thought to
have a rcaction rate lower by an order of magnitude
than the N.0,-50/50 combination; hence, according to
the reactive-impingement-dynamics concept of pop
sources, a .ubstantial change in popping «haracteristics
should be observed with furfuryl alcohol. Qualitatively,
a change was observed: greatly reduced pop amplitudes
and rates were exhibited for the two firings that were
conducted.

When chemical reactivity in the impingement region
was eliminated by the use of like-on-like boundary injec-
tion, pops were produced only when fuel was used at an
elevated temperature. It is not believed that this refutes
previous arguments concerning the reactivity of hyper-
golic impingement; rather, it is believed that this indi-
cates the critical influrnce of dynamic pressure ratio
on the stability of the impingement process. Even if
there is no chemical reactivity, the hydrodynamic prop-
erties of impingement shown in Fig. 24 still applyv, and
the efflux from the impingement for unity dynamic pres-
sure ratio is still inherentiy uastcady. To couple this
unsteadiness (as a pop source) with the combustion
euvirorment (recalling that a pop is the result of a
combustion-supported wave induced by a source distver-
bance), it is aecessary to note that the main injection
system for these engines is known to produce an oxidizer-
rich environment around the outer periphery of the main
element-pattern (see Ref. 8), presumably because of
stream separation from these large-scc”  'ements. When
oxidizer like-on-like boundary injection was used, the
unsteadiness in the boundary sprays did not produce
pops vecause the oxidizer boundary was essontially not
reactive with the already oxidizer-rich swrounding
environment. However, when high-temperature fuel was
used in the boundary. substantial reactivity was possible.
Fuel-source perturbations were then effective in gen-
crating pressure waves that were further amplified as
they progressed across the chamber. This is evidently
ne: as effective a source generator as bipropellant im-
pingement at unity pressure ratio because a lower rate
of ponping was produced /9.5 pops/s vs ~45 pops/s).
Even this source was eliminated by operating the like-
an-like fuel strcamis at urequal dynamic pressures. Per-
haps one reason for this reduced popping tendency is the
probabi'«ry that the effective pop source occurs farther
downstream in the combustor, and hence the source
disturbances are less apt to couple with the early reaction
zone of the chamber.
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For equal-diameter doublet streams, the mixing-
uniformity-criterion ratio (sce Ref. 15) and the momentum
ratio for the streams are numerically equal to the
dynamic pressure ratio. Hence, the pressure-1atio corre-
lation reported herein could be iuterpreted as a
correlation with any of the three ratios. In a cursory
attempt to resolve this ambiguity, an examination was
made of the data from firings that had used only the
main elcments. No popping was exhibited for any of the
firings, even though the data (shown as T. vs r, in
Fig. 23) covered a dynamic pressure ratio range of 0.68 to
1.57, with temperatures from 50 to 100°F. This range of
pressure ratios includes the flow condition for unity-
mixing-criterion ratio (pi/p.. = 14 for the unequal-
diameter main-element streams), but only approaches the
condition for equal-stream momenta (p¢/Pia = 1.97);
therefore. the ambiguity was not clearly resolved bv the
existing data.

However, the main-flow-only results are an indication
that these main elements may never proc-.ce pops under
any reasonable flow and temperature conditions (with
N.0,-50/50 propellants) because of the large scale of the
elements, which yield calculated contact times of approxi-
mately 130 us. As already mentioned, the main elements
exhibit considerable stream separation: perhaps this is
sufficiertly well developed to preclude adequate liquid-
phase mixing in the impingement region for pop-source
production. This high degree of stream separation may
also overwhelm the inherent hydrodynamic unsteadiaess
for unity pressure ratio. Although it is not rigorously
proven, a further criterion for suppressing popping ten-
dencies niay be the use of relatively large-scale elements.
The high performance of the cylindrical engzine (see Ref.

42

8) has shown that stream separation can be compensated
for by the judicial use of secondary mixing.

V. Conclusions

A nontrivial source of popping in a liquid rocket en-
gine is unsteady impingement processes related to stag-
nation dynamics and to rapid hypergolic reactions in
the stagnated impingement region. In this sense, the
production of pop sources is a regime of reactive
stream-separ tion phenomena; however, the hydraulic
unsteadiness associated with impingemeut of equal-
dynamic pressure nonreactive streams can also act as a
pop source. Therefore, the condition of equal dynamic
pressure maximizes the tendency to produce combustion
disturbances, regardless of stream reactivity.

The sources themselves are not the high-amplitude
chamber pressure disturbances detected as pops because
the latter are the result of amplification of the source
waves through detonation-like processes. Once produced,
a pop is extremely effective in precipitating combustion
resonance, and highly effective attenuating devices (such
as baffles) are required to stabilize the engine. Thus, to
provide the highest margin of stability, the pop sources
must be eliminated.

1t is concluded, therefore, that control over the prs-
duction of impingement-related sources lies within the
control of the injection scheme itself, and that the first
step in such control is to require that no impinging
element be allowed to operate at the condition of equal
stream dynamic pressures.
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Nomenclature

average propagation velocity of overall distur-
bance from pop-location analysis

measured characteristic exhaust velocity
theoretical equilibrium characteristic exliaust
velocity

orifice diameter

jet diameter

nominal propellant mass flux through chamber
orifice length

mass flow rate

static chamber pressure

root mean square of pressure-amplitude vari-
ations caused by combustion noise

jet dynamic pressure pV?/2

overall mixture ratio m../m;

boundary mixture ratio

main mixture ratio
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N < o =~

propellant temperature

mass-weighted average propellant temperature
time

jet axial velocity

mass fraction ratio of boundary flow rate to
total flow rate

combustion efficiency 100 (c*/c3,

propellant liquid density

Subscripts

mn—»SExe-

boundary injection system

fuel

main injection system

oxidizer

total flow rate

input value of mixture ratio

effluent mixture ratio of mixed flow
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